Progressive freeze-concentration is a technology to separate water from solutions by 12 freezing. In the present investigation, ethanol-water solutions were freeze-concentrated by 13 the progressive stirred technique. The freezing stage was carried out in a stirring vessel. 14 Solute recovery by the fractionated thawing of ice was also studied. The effects of stirring 15 speed (500, 1000, and 2000 rpm), initial concentration of the solution (3%, 5%, and 8% 16 ethanol), and temperature of the thawing stage (0, 10, and 20 °C) on the solute yield and 17 average distribution coefficient were determined using response surface analysis. The 18 ethanol concentration was found to have increased by 1.3 and 2.1 times at the end of the 19 freeze concentration process. It was found that the initial concentration had a significant 20 effect on the distribution coefficient. In addition, the average yield was increased by 28% 21 by fractionated thawing. Subsequently, a non-dimensional analysis of the distribution 22 coefficient was developed to yield a model to predict the distribution coefficient as a 23 function of the Reynolds number, the relationship between the average ice growth rate and 24 the stirring speed, the agitator diameter, and the liquid fraction. This technique proved to 25 be valid with respect to the concentration of ethanol-water solutions, with better yields 26 being obtained at low initial concentrations. This model is the first of its kind to describe the 27 ethanol-water interaction in agitated freeze-concentration systems. 28
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Progressive stirred freeze-concentration of ethanol- 
Introduction 35
Freeze-concentration (FC) is a technique defined as a method to remove water from 36 solutions by freezing until the formation and separation of ice crystals occurs. In this way, it 37 is possible to obtain a product of greater concentration than the initial solution while 38 preserving its quality (Sánchez et al. 2009 ). In general, there are three types of FC: 39 suspension, block and film FC. The first is the most used in the industry for its high 40 efficiencies, although it is associated with high operating and investment costs ( The concentration of ethanol in each of the samples was analyzed using an electronic 114 densimeter (DMA 35, Anton Paar) capable of reading ethanol concentration data in terms 115 of percentage weight/weight, percentage volume/volume, density, and degrees Brix. 116
Freeze-concentration protocol 117
The tests were performed in the freeze-concentration equipment, similar to the one shown 118 in Figure 1 . In the receiving tank (1), 1400 g of a previously refrigerated sample was 119 placed; the sample was held until it reached a temperature of approximately 0 °C in a 120 cooler. The tank, which has a total height of 24 cm and diameter of 11 cm is made of AISI 121 304 stainless steel, and has an outer jacket (3) to allow the cooling liquid to flow; the 122 cooling liquid is composed of a mixture of ethylene glycol and water (53% w/w) circulating 123 in the thermostatic bath (4) equipped with a temperature controller (6). The tank has an 124 outer covering of an insulating material to prevent the transfer of heat with the 125 environment. The routing of the said flows was controlled by a system of pumps and 126 valves (7). Due to the arrangement of the cooling jackets, the tank allows the formation of 127 an ice film on the side walls only; a discharge cone at the bottom allows the liquid to flow 128 out (8). The height of the solution inside the tank was 20 cm. 129
The solutions were agitated with a turbine rotor (5), which has 3 blades of 3 cm of length, 130 located at 21.5 cm from the top. A mechanical stirrer (2) (RGL-100, Heidolph Instruments, 131
Germany) equipped with a speed control system (PCE-DT62, PCE Deutschland GmbH, 132
Germany) with 0.05% precision and 0.1 RPM resolution was used to stir the contents of 133 the tank. 134
For all the tests, the refrigerant was brought to a stable processing temperature of -15 °C. 135
After that, the solution was added to the process tank. The stirring speed was defined and 136 the FC process was then carried out for one hour. At the end of that time, the concentrated 137 liquid (9) was removed and weighed (10). The concentration of ethanol was measured in 138 both the concentrated liquid and the ice obtained.
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Thawing protocol 140
After the concentrated liquid has been retired, the thawing stage begins. During the 141 controlled thawing process for the recovery of solutes from ice, the temperature of the 142 thermostatic bath was adjusted as needed for the test in order to recover the samples in 143 receiving containers (10). Using an analytical balance (KERN, Germany) (11), 10% of the 144 total weight of the block was collected in each container. 145
Experimental design 146
A factorial design with two factors at three levels was applied for the FC tests; the stirring 147 speeds were varied between 500, 1000, and 2000 rpm and the initial concentration of 148 ethanol was varied between 3%, 5%, and 8% w/w. All the tests were performed in 149 triplicate. 150
To analyze the controlled thaw stage, each sample was evaluated at a thawing 151 temperature (T H ) (0, 10, and 20 °C). 152
Data analysis 153
Average distribution coefficient ( ) 154
The average distribution coefficient, where X s ice is the solute concentration in the ice sheet (w/w) and X s liq is the solute 159 concentration in the freeze concentrated liquid (w/w). 160
Solute yield (Y) 161
The solute yield was used to analyze the rate of solute recovery by PSFC; it is defined as 162 the mass of solute in the liquid fraction divided by the initial total mass of the solute 163 for a stirred tank, where r is the vessel radius and h is the height of ice layer, both in 178 meters. m ice is the mass of the ice obtained (kg), X s ice is the mass concentration of ethanol 179 in ice, and ρ ice is the density of ice. 180
Liquid fraction (f) 181
The liquid fraction, f, is defined as the ratio between the concentrated liquid mass and the At the same time, the stirring speed and the agitator diameter were considered as they are 208 classical parameters for any process carried out in a stirred tank (Michell & Perry 1964) . 209
The model for the progressive stirred FC is shown in equation 5. 210
The density of the solution was calculated using equations 6-8. Similarly, the viscosity was 211 calculated using equations 9-11. Equations 7, 8, 10, and 11 were simulated in the ASPEN 212 PLUS software, using the NRTL thermodynamic model. Equations 6 and 9 were used 213 
Statistical analysis 225
A response surface analysis methodology was developed to find the optimum operating 226 points for the PSFC and for the recovery of solutes by controlled thawing, with a 227 significance level of 95%. One-way analysis of variance (ANOVA) was applied to the 228 results followed by a LSD test with a significance level of 95%. 229
To obtain the parameters of the model, it was linearized and later linear regression was 230 performed with Stepwise to determine which variables had a significant effect on the 231 model and using which the R 2 of the model was maximized. The assumptions of the linear 232 regression model were validated and the residuals were evaluated through a Shapiro-233
Wilks test for normality; the variance was tested for homogeneity and presence of atypical 234 and influential data. All statistical analyses were conducted using the SAS 9.2 software. 
2014a). 281
For the parameter ranges studied in this work, response surface analysis indicated that an 282 initial ethanol concentration of 3% and a stirring speed of 1300 rpm were the optimum 283 operating points, which corresponds to the lowest concentration and a medium stirring 284 speed; However, the stirring speed did not have a significant effect in the studied interval. 285 In the present study, controlled thawing could be performed in the same equipment in 295 which progressive FC was implemented. A response surface analysis of the factors V A , 296 C O , and T H was performed on the response variables Y (when CI was equal to one) and 297 Ac; significant effects were found with C O and T H . The significance levels of both the 298 variables are shown in Table 3 . 299 reported previously (Moreno et al. 2013 ). This may be because the higher the 310 temperatures the faster the heat transfer, so the ice melts faster and it is not feasible to 311 recover the concentrated solution trapped in the crystal structure before the melting 312 phenomenon occurs. However, the use of low thawing temperatures during the thawing 313 process can be associated with low mass transfer, so the solutes trapped on the ice layer 314
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will not be able to migrate to the external surface of the ice. Also, low temperatures 315 significantly increases time of controlled thawing; to reach a CI of 1 at 0 °C, it takes about 316 4 h, while at 10 °C and 20 °C, 3 h and 1.5 h, respectively, were required. 317
Although this equipment has a single jacket, which does not allow recovery with a 318 counterflow system as recommended ( cleaner (Haizum et al. 2015) . 369
Another factor that appears in the model is an expression of the Reynolds number, whose 370 behavior with respect to is shown in Figure 8 . depend mainly on the initial 371 concentration. The effect of the stirring speed on Kapp was inverse, but with not 372 significance in the studied interval. This may be because in the evaluated parameter 373 ranges, all the experimental data were found to be in the turbulent regime. Therefore, an 374 increase in the velocity will not affect the system, similar to the case of the number of 375 power in agitated tanks (Doran & Doran 2013) . 376
Finally, the influence of the initial concentration of the solution is considered; at higher 377 concentrations, the average distribution coefficient is higher. This experimental 378 observation is in good agreement with the available literature (Moreno, Raventós, et al. 
2
The initial concentrations were 3% (blue -), 5%(green - ), and 8% (red -). The initial concentration of ethanol had a significant effect on the solute yield. 4
